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ABSTRACT 
 Corrosion problem happens in Cai Tau river water system; however, the mechanism is still 
questionable, resulting in unsolved ways. Therefore, this study focuses on the corrosion 
characterizations of carbon steel in Cai Tau river water system to analyze the corrosion 
mechanism using advanced electrochemical techniques and surface analysis. Electrochemical 
results indicated that Cl‾ and SO4
2-
 ions shows a significant effect on corrosion of carbon steel, 
resulting in pitting corrosion. Whereas, carbon steel showed passive behavior when it immersed 
in solution containing CO3
2-
 ion. Furthermore, pH strongly affects the corrosion properties of 
carbon steel. It indicated that corrosion of carbon steel increased with a decrease of pH. Surface 
analysis was done to identify the surface area of the pitting corrosion of carbon steel. Corrosion 
rates, pitting and corrosion products were clearly observed and analyzed by optical microscopy 
and X-ray diffraction. 
Keywords: Cai Tau river water; Carbon steel; Corrosion; Activation; Passivation; 
Electrochemical techniques. 
1. INTRODUCTION 
 Nowadays, a lot of refineries and fertilizer plants are using direct water from the rivers, 
oceans to cool equipment in cooling water systems [1, 2]. The water may undergo different type 
of treatments to improve the quality through cooling system before use but, still it contains 
number of ions which may lead to corrosion problem in equipment [3, 4]. Water from Cai Tau 
river is used to cool steam turbine and fresh water system in Ca Mau fertilizer plant. However, 
corrosion is still a serious problem that happens in water cooling system. The most significant 
issue in the operation of cooling systems is biological growth which is caused by a different 
microorganism such as fungi, algae and bacteria and another common problem is pH [5]. To 
avoid such problems, the cooling systems are treated with NaClO to control biological growth 
and using H2SO4 to control pH. Water from Cai Tau river has a very high concentration of ion 
chloride, carbonate, and sulfate which are abundantly found in natural water. Carbon steel is a 
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material that widely used to make equipment like pumps, valves, and compressors due to the 
price and easy to process [6]. Based on these advantages, carbon steel is widely used in 
refineries and fertilizer plants. The fact is that the equipment made of carbon steel material faces 
corrosion problem when using directly water from rivers. However, the research mainly focuses 
on the potential usage of carbon steel is limited due to being corroded in salt and brackish water. 
Therefore, this research focuses on analyzing the rate and mechanism corrosion of carbon steel 
in brackish water by using electrochemical techniques and surface analysis. The targets of this 




 and pH to the potential of 
corrosion in carbon steel, (ii) determining the type of corrosion in metal surface, (iii) corrosion 
rate, (iv) corrosion products, (v) mechanism of corrosion. To achieve these targets, three 
methods were used such as the electrochemical method, operating Microscope, and X-ray 
diffraction. 
 In this electrochemical study, there are three other methods that used mainly open circuit 
potential (OCP), electrochemical impedance spectroscopy (EIS), and potentiodynamic 
polarization (PD). OCP is tested by dipping the sample in the solution for 1 hour to stable 
surface potential. EIS and PD were tested with standard ASTM G5-94 [7]. MP was used to 
combine with extrapolation Tafel to calculate the corrosion rate. EIS was used to study kinetics 
and electrochemical mechanism occur in metal surface and solution. X-Ray Diffraction was used 
to determine the corrosion products deposit on the steel surface, from this products we can 
understand the mechanism of corrosion in different solutions. Optical microscope was also used 
to analyze the metal surface to see type of corrosion and the size of pits on the surface.  
2. EXPERIMENTAL 
 To study the corrosion properties and mechanism of carbon steel, the compositions of Cai 
Tau river water were analyzed and the results have been shown in the Table 1. The result 









 ions and pH have been chosen for this study. The chemicals including NaCl, 
Na2SO4, Na2CO3, HCl and NaOH were purchased from Chem Supply and Merck, respectively. 
0.01, 0.10, and 0.60 M (NaCl, Na2SO4, Na2CO3) and mix of 0.60 M NaCl + 0.60 M Na2SO4 + 
0.60 M Na2CO3 with different pH values (pH solutions were adjusted by addition of HCl and 
NaOH) were prepared by NaCl, Na2SO4, Na2CO3 and deionized water (DI). 
 The working electrodes used for the electrochemical tests and carbon steel coupons were 
machined from a steel sheet with dimension of 10 mm in diameter. The carbon steel electrodes 
were coated with an epoxy resin and attached to a Teflon holder. The steel compositions were 
checked by optical emission spectroscopy and given in Table 2. The carbon steel specimens for 
corrosion tests were finished by grinding with 600-grit silicon carbide paper with 10 mm in 
diameter of exposed area. Before electrochemical test, the samples were kept in the solutions for 
1 h to stabilize the open-circuit potential. The electrochemical impedance spectroscopy (EIS) 
test was performed at EOCP. The EIS tests were conducted using a SP system (BioLogic 
Scientific Instruments) with a commercial software program for AC measurements. The peak-to-
peak amplitude of the sinusoidal perturbation was 10 mV. The frequency ranged from 10 kHz to 
10 mHz. Potentiodynamic polarization tests were carried out after EIS measurements. A titanium 
counter electrode was used with a silver/silver chloride (Ag/AgCl) electrode as the reference. 
The potential of the electrodes was swept at a rate of 0.166 mV/s ranging from an initial 
potential of -250 mV vs. Ecorr to anodic potential as ASTM G5-94 (Standard practice for 
calculation of corrosion rates and related information from electrochemical measurements) [7]. 
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 To ensure reproducibility, at least three measurements were run for each specimen. To 
investigate the relationship between the electrochemical behavior and surface morphology, as 
well as corrosion products, the specimens were examined by optical microscopy (OMS) and X-
ray diffraction. 
Table 1. Chemical compositions of Cai Tau river water system. 
Parameters Unit Rainy Sunny NACLCO 
pH -  4.25 7.11 7.2 
Temperature °C 31 26 25 
Conductivity mS/cm 10.2 17.6 3.5 
Salinity % 6.1 9.9 - 
Dissolved oxygen mg/l 6.4 5.9 - 
Oil mg/l 0.045 0.072 - 
Dispersed solid mg/l 51 44 80 
Nitrate mg/l 0.021 0.18 < 40 
Ammonium mg/l 1.26 0.59 1 
Phosphorus mg/l 0.023 0.038 - 
Sulfate mg/l 1236 895 1700 
Biochemical oxygen demand mg/l 0.74 2.25 < 25 
Phenol mg/l < 5 < 5 20 
Zinc mg/l 0.22 < 0.005 < 1 
Barium mg/l < 0.25 < 0.25 < 0.1 
Palladium mg/l 0.006 0.002 < 1 
Iron mg/l 3.27 1.59 < 0.1 
Nickel mg/l < 0.08 < 0.08 < 0.2 
Chromium mg/l < 0.05 < 0.05 < 0.2 
Manganese mg/l 2.79 0.32 < 0.1 
Arsenic mg/l 0.4 0.5 - 
Chloride mg/l - - 12500 
Calcium mg/l - - 280 
Calcium carbonate mg/l - - 690 
Magnesium mg/l - - 830 
Magnesium carbonate mg/l - - 3400 
Potassium mg/l - - 290 
Silicon dioxide mg/l - - 5 
Sodium mg/l - - 7500 
Strontium mg/l - - 5.3 
     
Table 2. Carbon steel compositions were checked by optical emission spectroscopy. 
Chemical elements (wt.%) 
C Mn P S Si Cu Mo Ni V Cr Fe 
0.21 0.07 0.01 0.01 0.19 0.11 0.03 0.06 0.01 0.17 Bal. 
3. RESULTS AND DISCUSSION 
 Figures 1 and 2 show the form, correspondingly, of the Nyquist and Bode (phase angle vs. 
frequency) plots obtained from the carbon steel specimens immersed in different ions and pH 
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solutions. The results suggested two-time constants in almost every case (except the specimens 
immersed in mixed solution with pH 3 and 7), which were related to the formation of a rust layer 
produced from a reaction between the carbon steel and electrolyte. The high-frequency spectra 
detect the local surface defects, whereas the medium- and low-frequency spectra detect the 
process within the rust layer and the process of the metal/rust layer interface, respectively. The 
results indicated that the diameter of the arc decreased with increasing ion concentration from 
0.01 to 0.60 M and decreasing pH solution. This was correlated with the aperture of the phase 
angles, as shown in the Bode plots in Fig. 2. The slight increase in the aperture of phase angles is 
due to rust formation on the surface. 
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Figure 1. Nyquist plots of carbon steel after 1 h immersion in solutions containing: (a) NaCl, (b) Na2SO4, 
(c) Na2CO3, and (d) 0.6 M NaCl + 0.6 M Na2SO4 + 0.6 M Na2CO3 with different pH. 
 For further study about electrochemical processes at the solution/electrode surface and 
corrosion product/substrate interfaces, the suitable equivalent circuits need to be built for 
simulating the electrochemical response to the impedance results for the steel in investigated 
solutions. By combining the EIS spectra with other electrochemical techniques and surface 
analysis, it could clarify some physical elements of the equivalent circuits as shown in Fig. 3. 
Figure 3 shows the equivalent circuits used to fit: (a) no rust layer for carbon steel immersed in 
mix solutions with pH 3 and 7, and (b) rust layer formation for carbon steel immersed in other 
solutions, where Rs represents the solution resistance, Rrust is the rust layer resistance (Rrust is 
replaced by Rfilm in the case of passivation), and Rct is the charge transfer resistance. The high- 
(Rrust/Rfilm) and low- (Rct) frequency resistance components were affected by the chemical 
compositions of solutions. In this case, the capacitor was replaced with a CPE to improve the 
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fitting quality, whereas the CPE contained a double-layer capacitance (C) and phenomenological 
coefficient (n). The n value of a CPE indicates its meaning: n = 1, capacitance; n = 0.5, Warburg 
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(c)                                 (d) 
Figure 2. Bode plots of carbon steel after 1 h immersion in solutions containing: (a) NaCl, (b) Na2SO4, (c) 
















(a)                                 (b) 
Figure 3. Equivalent circuit for fitting the EIS data of carbon steel immersed in investigated solutions for: 
(a) no rust and (b) rust on the carbon steel surface (Rrust is replaced by Rfilm in the case of passivation). 
 The Zsimpwin program was used to fit the EIS data to determine the optimized values for the 
resistance parameters (Rrust/Rfilm, Rct, and Rtotal), which are shown in Table 3. The quality of the fit 
to the equivalent circuit can be judged on the basis of the percentage error and chi-squared (χ2) 
value. The fitting results show that the percentage error and χ2 value were ≤ 50 and 1 × 10-5, 
respectively. This suggests that the development of processes was suitable for the suggested 
equivalent circuits. Table 3 shows the variation of rust/film (Rrust/Rfilm) and charge transfer 
resistances (Rct) with the ion concentrations and pH solutions. The rust/film resistance increased 
steadily with decreasing ion concentrations. This might be because of iron products formed on the 
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surface of the steel, which further enhanced the protection of the rust layer. In this case, carbon 
steel immersed in mixed solution with pH 3 and 7 showed no rust layer. The other specimens 
showed a rust or protective layer, indicating that a decrease in the ion content and increase in pH 
solutions increased the rust or protective resistance. The charge transfer resistances (Rct) increased 
strongly with decreasing ion content and increasing pH solution, as shown in Fig. 1 and Table 3. 
This is important because high Rrust/Rfilm and Rct values indicate good corrosion resistance due to 
the chemical compositions in solutions. 
















0.01 794 0.004 0.8711 796 914 0.7696 1451 
0.10 81 0.32 0.7638 81 984 0.8233 959 
0.60 12 473 0.8621 20 197 0.9742 488 
Na2SO4 
0.01 465 645 0.7820 403 241 1.0000 1875 
0.10 38 300 0.6260 39 903 0.7564 1031 
0.60 14 213 0.6812 26 420 0.6886 957 
Na2CO3 
0.01 357 27 1.0000 2083 6.8 1.0000 340000 
0.10 77 27 0.4929 64 76.9 0.9040 18000 
0.60 15 136 0.8634 56 277.6 1.0000 10000 
pH (0.6 M NaCl + 0.6 M Na2SO4 + 0.6 M Na2CO3) 
3 21 183 0.8279    215 
7 19 258 0.7176    538 
11 25 56 0.9198 767 20 0.9176 140000 
 Figure 4 shows the polarization curves of the carbon steel immersed in different ions and 
pH solutions. All specimens immersed in NaCl, Na2SO4 and mixed solutions with pH 3 and 7 
demonstrated active corrosion behavior, suggesting that a passive film was not formed on the 
steel surfaces. Whereas, passive film was performed in all specimens immersed in Na2CO3 and 
mixed solution with pH 11. The passive current densities were reached at 0.38, 0.76, 8.2 and 
1.33 for 0.01, 0.10, and 0.60 M Na2CO3 and mixed solution with pH 11, respectively. The 











where icorr is the corrosion current density (μA/cm
2
), E.W is the equivalent weight in grams, and 
D is the density of the metal (g/cm
3
). Tafel behavior generally refers to one reaction, but in this 
case, the cathodic portion of the experimental curve was the sum of two curves including oxygen 
reduction and hydrogen evolution. In the case of low ion concentration (0.01 M), the precaution 
was taken to eliminate the effect of the current interrupt IR-drop. This is essential for the entire 
potential error caused by the uncompensated resistance. For a more accurate estimation of the 
Tafel slope and icorr: (i) the identified linear portion of the experimental curve was extended over 
approximately one decade on the current axis, (ii) the synthesized curve was changed until a 
good match was obtained by trial and error where the deviation error was < 1 %. 
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 pH = 7
 pH = 11
 
(c)                                 (d) 
Figure 4. Potentiodynamic polarization curvers of carbon steel after 1 h immersion in solutions containing: 
(a) NaCl, (b) Na2SO4, (c) Na2CO3, and (d) mix of 0.6 M NaCl + 0.6 M Na2SO4 + 0.6 M Na2CO3 with 
different pH. 
Table 4. Corrosion properties from the potentiodynamic polarization curves of carbon steel after 1 h 


















0.01 -654 6.51 0.122 0.543 - - 0.074 
0.10 -633 10.65 0.710 0.439 - - 0.120 
0.60 -687 17.73 0.750 0.234 - - 0.200 
Na2SO4 
0.01 -616 6.35 0.720 0.302 - - 0.072 
0.10 -720 9.10 0.890 0.264 - - 0.103 
0.60 -660 16.88 0.770 0.304 - - 0.190 
Na2CO3 
0.01 -212 0.13 0.494 0.157 0.755 0.38 0.002 
0.10 -312 0.65 0.375 0.670 0.722 0.76 0.007 
0.60 -467 3.49 0.320 0.160 0.710 8.20 0.039 
pH 0.6 M NaCl + 0.6 M Na2SO4 + 0.6 M Na2CO3 
3.00 -640 64.24 0.810 0.274 - - 0.725 
7.00 -729 19.92 0.700 0.148 - - 0.225 
11.00 -368 0.33 0.250 0.940 0.123 1.33 0.004 
 The matched polarization curve was performed to show its true Tafel slope and icorr 
components [10]. Table 4 summaries the corrosion parameters and corrosion rates measured 
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from potentiodynamic polarization tests. The solution containing low ion concentration showed 
lower corrosion rates, and the corrosion rate decreased with decreasing ion contents and 
increasing pH solution. The mean corrosion rate of the carbon steel was ranked in the following 
order: 0.60 M > 0.10 M > 0.01 M; NaCl solutions > Na2SO4 solutions > Na2CO3 solutions; and 
pH 3 > pH 7 > pH 12, respectively. 
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(c)                                    (d) 
Figure 5. X-ray diffraction pattern of carbon steel after 1 h immersion in solutions containing: (a) NaCl,         
(b) Na2SO4, (c) Na2CO3, and (d) 0.6 M NaCl + 0.6 M Na2SO4 + 0.6 M Na2CO3 with different pH. 
 Figure 5 shows XRD results obtained from the carbon steel specimens after 1 h of 
immersion time in solution content different ions and different pH. In addition, XRD results 
were analysed using joint committee on powder diffraction-international centre for diffraction 
data (JCPDF-ICDD). It indicates that the Fe3O4 product is represented by the peaks at 2 theta of 
38, 46, 65, 73 and 81°, respectively. FeOOH product is represented by the peaks  at around 46, 
73, 78, and 81°, whereas, the FeO and Fe2O3 products are assigned to the 65, 73, and 78° peaks. 
Furthermore, FeCO3 product is observed on the steel surface immersed in Na2CO3 solutions and 
are evidenced by the peaks at 2 theta of 38, 46, 65, and 82°. The results indicated that FeOOH, 
FeO, Fe2O3 and Fe3O4 were observed on all steel surfaces. While, FeCO3 product was observed 
on steel surfaces immersed in Na2CO3 and mixed solutions. The peak intensities were increased 
with decreasing ion concentrations and increasing pH solution. Figure 6 shows optical 
microscopy images of the corroded surfaces after 1 h immersed in solutions containing 0.6 M 
NaCl (Fig. 6(a)), 0.6 M Na2SO4 (Fig. 6(b)), 0.6 M Na2CO3 (Fig. 6(c)), and mix of 0.6 M NaCl + 
0.6 M Na2SO4 + 0.6 M Na2CO3 at pH 3 (Fig. 6(d)). No pitting was observed on the surface of 
the carbon steel immersed in 0.6 M Na2SO4 solution, whereas there was pitting corrosion on the 
surface of the carbon steel immersed in other solutions. Surface analysis indicated that different 
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ions could perform the different corrosion mechanism related to the corrosion factors. These 
results are consistent with the electrochemical results described above. 
   
(a)                                    (b) 
   
(c)                                    (d) 
Figure 6. Optical microscopy of carbon steel after 1 h immersion in solutions containing: (a) 0.6 M NaCl, 
(b) 0.6 M Na2SO4, (c) 0.6 M Na2CO3, and (d) 0.6 M NaCl + 0.6 M Na2SO4 + 0.6 M Na2CO3 with pH = 3. 
 In this study, ion Cl‾ is a typical ion causing pitting corrosion for materials, especially for 
carbon steel. The attack of ion Cl‾ can be understood as follows. For steel materials, there is a 
layer exists in the form of FeOOH and dissolves very slowly according to the following 
equation: 
  FeOOH + H2O → Fe
3+
 + 3OH‾ (3) 
 In the presence of ion Cl‾, this layer will easily be dissolved in according to the following 
equations: 
  FeOOH + Cl‾ → FeOCl + OH‾ (4) 
  FeOCl + H2O → Cl‾ + 2OH‾ (5) 
 From the equation above, we can see, Cl‾ ions acting as the agent causing the layer 
dissolves faster thereby making steel materials to corrode faster due to the loss of protective film. 
The loss of passive film is also a direct cause of pitting corrosion. The pit usually develops under 
the control mixture (both kinetic control, diffusion control). Inside the pit hydrolysis reaction of 
Fe
2+
 make pH decreased to limit of the re-passive. The hydrolysis of Fe
2+




 + 2H2O + 2Cl‾ → Fe(OH)2 + 2HCl (6) 
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 In addition to the portable electric of the chloride ion in the bottom of the pit under the 
influence of an electric field leads to aggressive anions in the pit and make the attacked regions 
are difficult to return passive state. On the other hand, the area dissolved at the anode of metal 
was very small when compared to the area of passive layer acts as the cathode, thus the 
dissolving current density at the pit is very high. Since then the pit grows larger, meaning that 
the development of the pit is beginning. From the above reasons, we can conclude that it is an 
autocatalytic mechanism of pit growth process. Once the pit area formed, it will continue to 
grow. The mechanism of SO4
2-
 affects the pitting corrosion. The start of the pitting corrosion 
comes from the absorption. The formation of Fe
2+
 is in favour to the absorption of SO4
2-
 ions in 
the oxide layer. When the power calculation reaches a certain value, SO4
2-
 ions will penetrate 






 → FeSO4 (7) 
 As the reaction advances, the process of dissolving the steel moves faster and form the pit. 
Further it damages and imperfects place on the oxide layer facilitates the entry of SO4
2-
 ions and 
the way out of the corrosion products. With the increasing concentration of SO4
2-
 ions move into, 
the hydrolysis reaction of Fe
2+
 ions occur faster according to the following equations: 














 This hydrolysis causes acidity increased inside the pit, which results the metal dissolved 
quickly by the equations: 
  Fe → Fe2+ + 2e (10) 
  H
+
 + e → H (11) 
 The soluble metal making pit grow rapidly and this development mechanism is like the 
mechanism developed holes in Clˉ ion environments. Experimental results also show that, with 
the same solution, as the decrease of pH values the metal corrosion rate occurs faster. This can 
be explained easily from the following equation: 
  Fe + 2H
+
 → Fe2+ + H2 (12) 
 Low pH means the concentration of H
+
 is high, the metal solubility is faster because of 
normal chemical reactions. On the other hand, a high concentration of H
+
 it will accelerate the 
process of attacking and damaging the metal surface. The metal surface is effective to prevent 
contact between metal and corrosive environments. Characteristics of this layer are strongly 
influenced by the pH of the original solution. The corroded iron will form the Fe
2+
 in high pH 
environments, they will precipitate Fe(OH)2 which could stabilize metal surfaces and acts as 
protective layer. But in the low pH environment, the film will be dissolved quickly and losses its 
ability to protect the surface of the metal from accelerates corrosion. In addition, experimental 
results show that the steel samples were immersed in Na2CO3 solution and solution mixtures of 
substances such as NaCl, Na2CO3, Na2SO4 at pH = 12, shows the formation of passive film on 
the metal surface. The mechanism of this protective layer can be explained by the formation of 
FeCO3 film as a surface protective layer of metal in 2 steps: 





 → FeCO3 (14) 
 
 
Thai Khac Nhu Hoi, Nguyen Dong Ho, Mahesh Vaka, Nguyen Dang Nam 
 76 
 Products of corrosion of the steel is Fe
2+
 will be combined with CO3
2-
 ions in the aqueous 
solution to form FeCO3. This product is not soluble, it will be deposited on the metal surface and 
form protective film for metal surfaces. For mixed solution with pH = 12, mechanism of forming 
the passive film is shown in the following mechanisms: 
  Fe → Fe2+ + 2e (15) 
  Fe
2+
 + 2OHˉ → Fe(OH)2 (16) 
 Due to the high pH of the solution, the concentration of OHˉ in the solution is very high. 
Corrosion product of steel is Fe
2+
 will combine with OHˉ in solution to form Fe(OH)2, as the 
substance is insoluble, it deposited on metal surfaces and formed a film passive surface of metal, 
resulting in the mitigation of corrosion process. 
4. CONCLUSIONS 
 This study mainly highlights the importance of corrosion problem of Cai Tau river water 
cooling system. The main reason leading to this phenomenon was due to the presence of 




 and pH. The solutions 









different pH including 3, 7, and 11, were prepared to characterize the effect of ions and pH 
solutions on material properties and corrosion response, as well as the corrosion mechanism of 
carbon steel. The results indicated that Cl‾ ion strongly affected to the corrosion rate of carbon 
steel and formed localized corrosion. SO4
2-
 was less effect in comparing with Cl‾ ion and formed 
uniform corrosion. In addition, carbon steel acted as active materials in solutions containing Cl‾ 
and SO4
2-
, whereas passive behavior was performed in solution containing CO3
2-
 due to the 
formation of protective film on the steel surface. The results also showed the strong influence of 




 solutions. In this solution, 
carbon steel could be active or passive materials, depending entirely on pH solution. At pH 3 and 
7, carbon steel showed active behaviors, while passive behavior was performed at pH 12. These 
phenomena are in consistent with the theory presented in the E-pH diagram. 
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